In Situ Structural Changes in Thick and Thin Filaments of Cardiac Muscle Induced by Fragments of Myosin Binding Protein C (MyBP-C)  by Kampourakis, Thomas et al.
32a Sunday, February 16, 2014from a pit before abortive CCP termination or endocytic vesicle production.
Surprisingly, the binding times of cargo molecules associating to CCPs are
much shorter than the overall endocytic process. By measuring tens of thou-
sands of capturing events, we build the distribution of capture times and the
times that cargo remains confined to a CCP. An analytical stochastic model
is developed and compared to the measured distributions. Due to the dynamic
nature of the pit, the model is non-Markovian and it displays long-tail power
law statistics. Our findings identify one source of the large heterogeneities
observed in CCP maturation and provide a mechanism for the anomalous diffu-
sion of proteins in the plasma membrane.
Platform: Cardiac Muscle I
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We have previously proposed an atomistic model of the thin filament which in-
cludes the troponin compex (cTn) and tropomyosin (Tm). We here discuss a
newly revisedmodel which includes twenty-nine actin subunits, four Tm chains,
and the three cTn subunits. In addition, this model includes a corrected region of
the Tm overlap based on more recent information. We develop this model to
study genetic mutations in the proteins of the cardiac thin filament which can
lead to familial hypertrophic cardiomyopathies. When calcium binds to the car-
diac troponin C subunit (cTnC), subtle conformational changes propagate
through the cTnC to the inhibitor subunit (cTnI), which detaches from actin.
The detachment alongwith conformational propagation through to the cTnT sub-
unit, moves Tm into the open position on actin.When Tm is in the open position,
myosin binds to the seven open binding sites on actin, which upon hydrolysis of
ATP eventually leads to muscle contraction. Molecular dynamics simulations of
the full atomistic model reveal the conformational changes upon calcium activa-
tion of the cTnC. Comparison of the wildtype and the TmD230Nmutation sheds
light the mutational effects in the Tm overlap region. It is critical to include actin
in the model when studying this region. Simulations show mutation results in
increased splaying of the Tm C-terminus end in the overlap region, in accord
with recent experimental results from one of our labs.
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Contraction of cardiac muscle is regulated by Ca2þ ions binding to troponin
(Tn) in the actin-containing thin filament, leading to a movement of tropomy-
osin around the filament that allows myosin heads to bind to actin and generate
force. However the molecular structural basis of this Tn-mediated signalling
pathway has remained obscure. We investigated the conformation of the car-
diac Tn on the thin filament and its response to binding of Ca2þ to elucidate
the molecular mechanism of the regulation of contraction in cardiac muscle.
Polarized fluorescence from bifunctional rhodamine was used to determine the
orientation of the major component of Tn core domain on the thin filaments of
cardiac muscle. We showed that the C-terminus of TnC (CTnC), together with
the coiled coil formed by the TnI and TnT chains, did not move during activa-
tion and acted as a scaffold that holds N-terminus of TnC (NTnC) and the actin
binding regions of troponin I. The NTnC, on the other hand, exhibited multiple
orientations during both diastole and systole. By combining the in situ orienta-
tion data with published in vitro measurements of intermolecular distances, we
constructed an atomic model for the in situ structure of the thin filament that
suggests a plausible molecular mechanism for the regulation of heart muscle.
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Contraction of cardiac and skeletalmuscle is tightly controlled by the thinfilament
protein troponin, which acts as an off switch when the Ca2þ concentration is low.
We previously studied, bymutational replacements, the function of an 11-residue
segment in the TnI subunit that is called the inhibitory peptide (Ip) because of its
potencywhen studied as an isolated oligomer. Ip replacement with gly-ala linkers
selectively altered specific functional properties of the thin filament. The present
work further investigates the role of Ip and Ip replacement, by quantitative map-ping of troponin dynamics using hydrogen-deuterium exchange coupled with
mass spectrometry (HDX-MS). Effects of Ip replacement were assessed in the
presence and absence of TnC regulatory site II Ca2þ. In the absence of Ca2þ,
the Ip-mutation was widely destabilizing, selectively affecting many regions
both near and far from Ip. Ca2þ broadly but incompletely reversed this effect.
After Ip replacement, Ca2þ stabilized the TnT-TnI coiled coil, parts of TnI helix
1, and the N-lobe of TnC, but not the switch helix of TnI. The biggest effects were
observed in the TnT-TnI coiled coil region, helix 1 and helix 4 of TnI and parts of
TnC’s N and C lobes. In presence of Ca2þ, the Ip-mutation caused more mixed
effects, with helix 4 of TnI destabilized, a mixed effect on the TnI regions con-
tained in the coiled coil and helix 1 as well as the N and C lobes of TnC. In
both cases (with and without Ca2þ), an unexpected stabilization toward the
C-term of TnI was observed. The results emphasize the importance of the Ip
region both in the ‘‘on’’ and ‘‘off’’ states of troponin. Unexpected effects of Ip
replacement with a flexible linker propagate across the Tn molecule.
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Introduction: Mutations in the cardiac thin filament cause changes in protein
structure and dynamics. These alterations result in the complex tissue remodel-
ing seen in patients with hypertrophic and dilated cardiomyopathies. Our group
is investigating the effects of these mutations on the tropomyosin (Tm) head-to-
tail overlap domain. In particular, we are investigating the alpha-Tm D230N
mutation that causes a unique bimodal distribution of remodeling. We hypoth-
esize that this is caused by the modulatory effects of the fetal form of cTnT
(cTnT1) on overlap structure and function.
Methods: Tm was modified to have one cysteine at residue 271 for both wild-
type and D230N mutations, and was labeled with the FRET acceptor DDPM.
cTnT1 or adult cardiac troponin T (cTnT3) were modified to have one cysteine
at residue 100 and labeled with the FRET donor AEDANS. Labeled cTnT1 or
cTnT3 were reconstituted into the troponin complex and combined with labeled
Tm of either wildtype or D230N. Steady-state and lifetime data was collected.
Results: The distance between the labeled sites in the wildtype complex
increased with calcium activation. In contrast, the calcium activated state of
the D230N complex resulted in a shorter measured distance. cTnT1 also re-
sulted in a closer distance. cTnT1 in addition to D230N mutation resulted in
a closer orientation compared D230N or cTnT1 alone. Differences in measured
distances caused by the variants were more pronounced in the calcium acti-
vated state than in the low calcium state.
Conclusion: The increased distance measured with wildtype complex sup-
ported the increased flexibility of Tm accompanying thin filament activation.
The decreased distance measured at the Tm overlap supports the hypothesis
that cTnT1 interacts with D230N in a manner that amplifies the effects of
the mutation alone at the Tm overlap region.
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MyBP-C is a component of the thick filaments of striated muscle, and muta-
tions in the cardiac MyBP-C gene are the second most common cause of hyper-
trophic cardiomyopathy. The C-terminus of MyBP-C is bound to the thick
filament, but the N-terminus is believed to interact with both the thin filaments
and the S2 domain of myosin in the thick filaments. These interactions are
phosphorylation-dependent, and are thought to regulate cardiac contractility.
In this study, polarized fluorescence was used to monitor structural changes
of the cardiac myosin regulatory light chain (cRLC) in the thick filaments
and cardiac troponin C (cTnC) in the thin filaments on activation of skinned
cardiac muscle either by calcium or by exogenous N-terminal fragments of car-
diac MyBP-C. The structural changes in both proteins produced by activation
with 50 mM C1-C2 fragment of cMyBPC at sarcomere length 2.1 mm, 20C,
pCa 9 were similar to those produced by calcium activation (pCa 4.5). How-
ever, only the cTnC probes showed significant structural changes when
contraction was inhibited by blebbistatin, suggesting that the activating effect
of C1-C2 is mediated by binding to the thin filament.
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